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ABSTRACT
The origin and survival of the Smith high-velocity H i cloud has so far defied explana-
tion. This object has several remarkable properties: (i) its prograde orbit is ≈ 100 km s−1 faster
than the underlying Galactic rotation; (ii) its total gas mass (& 4 × 106 M) exceeds the mass
of all other high-velocity clouds (HVC) outside of the Magellanic Stream; (iii) its head-tail
morphology extends to the Galactic H i disc, indicating some sort of interaction. The Smith
Cloud’s kinetic energy rules out models based on ejection from the disc. We construct a dy-
namically self-consistent, multi-phase model of the Galaxy with a view to exploring whether
the Smith Cloud can be understood in terms of an infalling, compact HVC that has transited
the Galactic disc. We show that while a dark-matter (DM) free HVC of sufficient mass and
density can reach the disc, it does not survive the transit. The most important ingredient to
survival during a transit is a confining DM subhalo around the cloud; radiative gas cooling
and high spatial resolution (. 10 pc) are also essential. In our model, the cloud develops a
head-tail morphology within ∼ 10 Myr before and after its first disc crossing; after the event,
the tail is left behind and accretes onto the disc within ∼ 400 Myr. In our interpretation,
the Smith Cloud corresponds to a gas ‘streamer’ that detaches, falls back and fades after the
DM subhalo, distorted by the disc passage, has moved on. We conclude that subhalos with
Mdm . 109 M have accreted ∼ 109 M of gas into the Galaxy over cosmic time – a small
fraction of the total baryon budget.
Key words: ISM: clouds, ISM: general, ISM: individual: Smith cloud, Galaxy: halo, inter-
galactic medium, methods: numerical
1 INTRODUCTION
The Smith Cloud (Smith 1963) is enshrouded in mystery. It is
a massive object (M H i & 106 M) close to the Galactic plane
(z ≈ 3 kpc, R ≈ 8 kpc), moving rapidly (vgsr ≈ 300 km s−1) on
a prograde orbit (Putman et al. 2003; Lockman et al. 2008; Wak-
ker et al. 2008). It is virtually devoid of stars down to the detection
limit (Stark et al. 2015). Despite the cloud’s large mass, its dens-
ity is not high enough to allow for the formation of molecular gas,
suggesting it could be intergalactic gas accreted by the Galaxy. But
metallicity measurements along its wake reveal a patchy sulphur
abundance distribution ([S/H]) with an average value half that of
the Sun (Fox et al. 2016), arguing against an extragalactic origin.
Its high ionisation fraction (M H ii & 3 × 106 M; Hill et al. 2009),
together with the discovery of enhanced Faraday rotation measures
(≈ 8 µG) spatially coincident in projection with the Smith Cloud
(Hill et al. 2013), indicate a strong interaction with the disc-halo
interface.
So what is the Smith Cloud? Since its initial interpretation
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as an extension of the Galactic gas layer by its discoverer, sev-
eral other ideas have been put forward: a possible remnant asso-
ciated with the Sagittarius dwarf galaxy (Bland-Hawthorn et al.
1998); a gas ejection from the Galactic disc (Sofue et al. 2004,
see also Marasco & Fraternali 2017); or an extragalactic, dark-
matter (DM) confined gas cloud (‘dark galaxy’; Nichols & Bland-
Hawthorn 2009). The latter possibility was explored by Nichols
et al. (2014) with the outcome that it must be on its first approach
towards the disc, unless it is embedded in a DM subhalo. This result
holds true even in the presence of an ambient magnetic field (Gal-
yardt & Shelton 2016). If confined by dark matter, then it is possible
that the Smith Cloud may have accreted gas from the interstellar
medium (ISM) during an earlier passage through the Galactic disc.
This could explain its relatively high content of heavy elements
compared to the Magellanic Stream and other halo clouds (Henley
et al. 2017). The Smith Cloud thus remains an enigma and, like the
Magellanic Stream, it has become a benchmark for any model that
aims at explaining gas circulation processes in galaxies.
Here we consider the possibility that the Smith Cloud is as-
sociated with a DM-confined gas structure that has transited the
disc in the past. Earlier simulations (Nichols et al. 2014; Galyardt
& Shelton 2016) were contrived in that they did not attempt to ex-
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plore the interaction with a realistic Galactic ecosystem nor in a
cosmological context, as we do now. In essence, we investigate
the evolution of a DM-confined gas cloud that collides with the
Galactic disc, using for the first time a multi-component, multi-
phase, self-consistent, dynamically stable, and cosmologically mo-
tivated Galaxy model. It is important to state from the outset that we
do not attempt to match in detail the properties of the Smith Cloud,
nor do we intend to model every aspect of the Galaxy. Such an am-
bitious goal is futile unless all relevant physical processes (detailed
micro-physics, ambient radiation field, magnetic fields, turbulence,
cosmic rays, thermal and kinetic feedback, etc.) are carefully ac-
counted for, and at a sufficiently high resolution, which is currently
beyond reach. Our aim is to introduce a framework that allows for
more realistic experiments in the near future. The importance of
our work relies mainly on the fact that state-of-the-art, full cosmo-
logical simulations are not yet able to fully resolve systems like
this with enough detail, despite their high level of complexity (e.g.
Vogelsberger et al. 2014; Dubois et al. 2014; Schaye et al. 2015).
In addition to an upgraded Galaxy model, our work has several
improvements over previous studies. With respect to both Nichols
et al. (2014) and Galyardt & Shelton (2016), we address the mix-
ing of gas, and the effect of resolution, although rather crudely. Gas
mixing has indeed been studied by Henley et al. (2017), but under
somewhat simplified conditions. In contrast to Galyardt & Shelton,
we include radiative cooling but do not include magnetic fields,
as they do. Galyardt & Shelton find that the presence of even a
weak Galactic magnetic field reduces the baryonic matter retained
by the dark matter subhalo after the transit. In our related MHD
study (Grønnow et al. 2017) we find that magnetic fields can delay
cloud destruction (see also Konz et al. 2002) if sufficiently well re-
solved, so they may be worth considering in future simulations.
Note that, where relevant, we assume a flat, dark-energy- and
matter (baryonic and cold dark-matter; CDM) dominated Universe,
and a cosmology defined by the set of parameters h = 0.7, Ωm =
0.3, and ΩΛ = 0.7.
2 A GALAXY SURROGATE
We are interested only in the global dynamical and structural prop-
erties of the Galaxy which are relevant to the event of a DM-
confined gas cloud crossing the outer disc. Therefore, we make a
number of simplifying assumptions. First, the Galaxy is assumed to
be an (initially) perfectly axisymmetric system where substructure
such as the spiral arms and the stellar bar are ignored. In addition,
we neglect for the moment the details of the Galaxy’s stellar pop-
ulation, or the structure and detailed physical and chemical prop-
erties of the ISM (e.g., the abundance gradient across the disc).
Crucially, non-thermal components (cosmic rays, magnetic fields)
that together make a significant contribution to the vertical pressure
support of the gas disc (Cox 2005) are not considered here. We fur-
ther ignore the stellar halo and bulge components. Our model thus
consists of a ‘live’ DM halo, a ‘live’ stellar disc, a warm gas disc,
and most notably, a rotating, non-uniform hot halo. In other words,
we adopt a minimal description of the Galaxy which incorporates
the dominant large-scale components.
The DM halo is the most dominant gravitational component
of any galaxy over cosmic time (Fall & Efstathiou 1980). A stellar
disc increases the potential in the plane of the Galaxy; this stabil-
ises the gas disc and reduces its scaleheight (Wang et al. 2010).
A rotating, hot halo is expected in our modern picture of galaxy
formation (Rees & Ostriker 1977), and it has now been observed
directly in the Galaxy (q.v. Hodges-Kluck et al. 2016). Although
its structure and extension are not well understood, the hot halo is
now believed to constitute a major component of the Galaxy’s ba-
ryons, from ∼ 2×1010 M (Tepper-Garcia et al 2015) to ∼ 1011 M
(Faerman et al. 2017), and is thus dynamically important. Given its
mean temperature T ∼ 106 K (Henley & Shelton 2013) and density
in the range n ∼ 10−5 to 10−4 cm−3 within ∼ 200 kpc (Figure 1,
left panel), the Galactic corona represents a high pressure environ-
ment that cannot be neglected in the study of gas flows around the
Galaxy.
The details of each component that make up our model follow.
All of our adopted parameters constitute a plausible set of values
taken from a recent review of the Galaxy (Bland-Hawthorn & Ger-
hard 2016).
The DM host halo is modelled using a Navarro et al. (1997,
NFW) profile, with a mass Mvir ≈ 1012 M within rvir ≈ 250 kpc,
and a scale radius of rs ≈ 17 kpc (corresponding to a ‘concentra-
tion’ xvir ≡ rvir/rs ≈ 15). Note that we could have used instead
an equivalent Hernquist (1990) profile with same mass and a scale
radius rs ≈ 33 kpc (Springel et al. 2005). In our model, the DM
halo has no net rotation and we truncate it at a spherical radius of
250 kpc.
Although there is no clear physical motivation, we assume the
density profile of the hot halo follows the same profile as the DM
host halo, and with the same structural parameters, i.e. a NFW pro-
file with xvir = 15. In our model, it consists of ∼ 2 × 1010 M of
gas (i.e. a mass fraction mh = 0.02 relative to Mvir) within a spher-
ical radius of 250 kpc in thermal equilibrium with the composite
potential Φ of the model galaxy (see below), with temperatures
in the range ∼ 105 K to ∼ 106 K and a density profile consist-
ent with a range of estimates from the literature (Figure 1). The
absorption-weighted temperature of our halo model broadly agrees
with the temperature inferred from spectroscopic X-ray observa-
tions. Moreover, the temperature profile is remarkably similar to
the average profile of halos with a virial mass ∼ 1012 M found in
cosmological simulations (Nuza et al. 2014; Nelson et al. 2016). A
slight temperature gradient in the hot halo of the Galaxy, as well
as an adopted gas metallicity of Z = 0.3 Z are consistent with
observations (Miller & Bregman 2015).
Thermal equilibrium of the halo gas is achieved by calcu-
lating the radial velocity dispersion required to maintain dynamic
equilibrium with the total potential, derived from the spherically
symmetric Jeans (1915) equation, corrected for the centrifugal po-
tential, and equating the internal energy of the gas to the result
thus obtained (which in turn sets the gas temperature). The rota-
tion speed – or equivalently the centrifugal potential – is set ac-
cording to the specific angular momentum, which follows roughly
the cumulative mass profile (Bullock et al. 2001), adopting a value
for the spin parameter λ = 0.08. This value is consistent with the
mean value found at z = 0 in N-body, full hydrodynamic cos-
mological simulations of structure formation (Zjupa & Springel
2017, but see Bryan et al. 2013). The value we adopt is optimal
to yield a hot, dynamically stable halo with a significant rotation
speed. This is forced upon us by recent claims from X-ray spectro-
scopy of the unexpected rapid rotation in the Galaxy’s hot corona
(∼ 180 km s−1 Hodges-Kluck et al. 2016). We find that it is very dif-
ficult to construct a fast-rotating corona which is hot and in equilib-
rium. So we have adopted the fastest halo rotation speed (70 km s−1
at R ≈ 30 kpc; see Figure 1) that still affords long-term stability
(see Appendix B). This value is much lower than the value inferred
by Hodges-Kluck and collaborators. However, it has been shown
that quasi-isothermal hot halos feature rotation speeds well below
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Figure 1. Properties of the hot halo (prior to mapping onto the AMR grid). Total particle density (left); temperature profile (middle); rotation curve (right).
The horizontal dot-dashed line in the middle panel indicates the absorption-weighted (i.e. proportional to density) gas temperature across the halo, included
for reference. The top dotted line and hatched area indicate the mean temperature and interquartile range inferred from observations, respectively. In the right
panel, the maximum rotation speed is ∼ 70 km s−1, significantly lower than the value ∼ 180 km s−1 measured by Hodges-Kluck et al. (2016, not shown). Note
that the halo is truncated at a spherical radius 250 kpc, by construction. Reference key list is as follows. 1: Blitz & Robishaw (2000); 2: Stanimirovic´ et al.
(2002); 3: Bregman & Lloyd-Davies (2007); 4: Anderson & Bregman (2010); 5: Gatto et al. (2013); 6: Salem et al. (2015); 7: Henley & Shelton (2013).
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Figure 2. Properties of the gas disc: Surface (particle) density (top); ro-
tation curve (bottom). The target properties are indicated by a dashed line;
the actual properties on the AMR grid (at t = 0), by the symbols. The latter
have been computed by taking the azimuthal average of the gas density and
velocity, respectively. The gas surface density is slightly higher than the
target density everywhere, and the amplitude of the actual rotation curve
departs from the the target rotation curve at R & 30 kpc, both due to the
non-negligible contribution of the hot halo to the gas mass relative to the
disc at these radii (see Appendix B). Note that the gas disc is truncated at
R > 60 kpc, by construction.
40 percent of the rotation speed of their embedded gas discs (or
∼ 80 km s−1 in our case) except perhaps very close to the centre
(Pezzulli et al. 2017). Therefore, we believe that the velocity meas-
ured by Hodges-Kluck et al. probably arises from the inner halo
region close to the disc (R . 10 kpc), contrary to the authors’ in-
terpretation.
The stellar disc follows a Miyamoto & Nagai (1975, MN) pro-
file, characterised by its total mass M? ≈ 5×1010 M (Bovy & Rix
2013), and scale parameters a = 5 kpc and b = 0.5 kpc. The choice
of this profile is motivated by the need for numerical stability. In
test N-body simulations we have run, discs with an initial exponen-
tially decaying profile (in R and z) are found to be unstable due to
their significantly higher densities close to the centre. We are aware
that a single MN profile is a crude approximation to the observed
profile of disc galaxies. In particular, the parameter a may fall short
by a factor ∼ 2 compared to the scalelength of an equivalent expo-
nential disc (Flynn et al. 1996). Also, the exponential scaleheight
can differ from b (Smith et al. 2015). To overcome this issue, we
take the scale parameter values from Kafle et al. (2014) who use
stellar kinematic information to measure the mass distribution of
the Galaxy, assuming the thin and thick stellar discs are well de-
scribed by a single MN profile. In this case, the radial scalelength
turns out to be intermediate between that of the thin and the thick
stellar discs, and the total mass is slightly higher than their com-
bined mass.
In our model, the stellar (radial) velocity dispersion is adjus-
ted such that Toomre (1964)’s Q? ≡ (σr κ / 3.36 G Σ?) > 1.5 every-
where, thus making the stellar disc stable against fragmentation.
Here σ2r , κ and Σ? are the stellar radial velocity dispersion, the epi-
cyclic frequency and the stellar surface density, respectively. We
note that the condition Q? > 1.5 is not enough in general to ensure
stability (Zasov & Zaitseva 2017), but it is sufficient in our case
(Appendix B).
The gas disc has a mass of ∼ 9 × 109 M (or a mass fraction
md = 0.01 relative to Mvir) within R . 60 kpc. It is set in ver-
tical hydrostatic equilibrium, following a radial exponential profile
∝ exp[−R/Rd] with scalelength Rd = 7 kpc, reasonably consist-
ent with the properties of the combined inner and outer H i distri-
butions of the Galaxy (Kalberla & Dedes 2008).1 The initial gas
1 Kalberla & Dedes (2008) have measured Rd = 3.75 kpc for the Galactic
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temperature is uniform across the disc and is set to 104 K, and the
gas metallicity to Z = 0.3 Z. This value is the lowest acceptable
value for the ISM metallicity at radii 5 kpc . R . 15kpc (Hou
et al. 2000). The gas temperature is chosen to make the disc stable
against gravitational fragmentation.2 In addition, its value is similar
to the lowest temperature of other gas components (i.e. the hot halo
and the subhalo; see below), which is important given the need of
a global temperature floor in our simulations (see Section 4). It is
worth noting that the value of the disc scalelength is consistent with
the values we have adopted for xvir, λ, and md (Mo et al. 1998). The
resulting surface density profile and rotation curve of the gas disc
are both in broad agreement with those of the Galaxy (Figure 2; cf.
Kalberla & Kerp 2009).
3 THE SMITH CLOUD PROGENITOR
We adopt the simplest model possible for the Smith Cloud progen-
itor, which consists of a DM subhalo filled with gas in thermostatic
(i.e., with no net rotation) equilibrium with their combined poten-
tial. The relevant parameters in this case are the total DM mass,
the subhalo extension, the baryon : total mass fraction, and the gas
metallicity.
With an estimated size of D, a mass M, and an hydrogen frac-
tion (by mass) Xh, the mean hydrogen density of a (spherical) gas
cloud is
nh ≈ 0.06 cm−3
( Xh
0.76
) ( M
106 M
) (
D
1 kpc
)−3
. (1)
The projected size of the Smith Cloud is D & 1 kpc (Lockman et al.
2008) and its total mass is & 4 × 106 M (with at least half of it in
ionised form; Hill et al. 2009). Thus we estimate its mean hydrogen
density at nh ∼ 0.2 cm−3 for an assumed Xh = 0.76. This is a crude
estimate because the Smith Cloud has a non-spherical structure. If
we instead take its maximum observed H i column density ( N H i ∼
5 × 1020 cm−2; Lockman et al. 2008) and assume its linear size
along the sightline is D ≈ 1 kpc, then correcting a mean ionisation
fraction of 0.5 we arrive at nh ≈ 0.3 cm−3. Thus, the mean particle
density of the Smith Cloud to order of magnitude accuracy should
be n ∼ 0.1 − 1 cm−3 for any reasonable metallicity and ionisation
state.
Presumably, both the mass and the density of the Smith Cloud
are lower than those of its progenitor. Previous work (Nichols &
Bland-Hawthorn 2009; Nichols et al. 2014) has shown that, in order
for a DM confined cloud to survive a disc passage, DM masses
in the range ∼ 108 − 109 M are required. We take a subhalo in
the high-mass limit (109 M) with a profile initially well described
by the NFW fitting function adopting a concentration xvir = 25
appropriate for halos of this mass (Sternberg et al. 2002), truncated
at a spherical radius of 2 kpc. For a cosmic baryon : total mass ratio
fb ≈ 0.16 (Planck Collaboration 2014), we get a total gas mass of
1.5 × 108 M and a mean hydrogen density nh ∼ 1 cm−3 within
a 1 kpc radius. The subhalo’s gas metallicity is set to Z = 0.1 Z
consistent with the metallicity floor at the present epoch.
For our comparative study, we also adopt a DM subhalo at the
low-mass end, ∼ 108 M, resulting in a gas mass and a particle
H i disc within R . 35 kpc, and roughly twice that value in the outer region
to R ≈ 60 kpc.
2 The stability parameter Qg ≡ (csκ/pi GΣg) > 1 everywhere. Here, Σg is
the gas surface density. A model where Q? and Qg are chosen to give a
joint, stable system (Romeo & Falstad 2013) is left for future work.
density roughly an order of magnitude lower compared to the high-
mass case. The assumption of thermostatic equilibrium leads to the
gas having a temperature in the range of ∼ 104 − 105 K (increasing
towards the edge) for the high-mass subhalo, and ∼ 104 K for the
low-mass case. In addition, we consider the case of a pure gas cloud
with a total gas mass of 1.5 × 108 M, i.e. roughly identical to the
gas content of the high-mass subhalo (see Table 2).
It is worth mentioning that our model subhalo composed of
DM and gas maybe regarded as a dwarf galaxy whose stellar com-
ponent may be too dispersed to be detected (or may have been lost
altogether) due to past interactions prior to falling into the Galaxy.
4 SIMULATING AN INTERACTIONWITH THE
GALAXY
Our approach is to set up a multi-component stable system com-
parable to the Galaxy in terms of mass and overall structure, and
to ‘drop’ a DM subhalo from an initial point far from the system’s
centre. The choice of orbit parameters is discussed further below.
4.1 Initial conditions
The galaxy model is realised by randomly sampling each of the
component density fields using a number of ‘particles’ with a fixed
mass (different for each component), and adjusting the particles’
velocities so that each component is in dynamic equilibrium with
the total potential. This is achieved following the approach de-
veloped by Springel et al. (2005), as implemented in the dice code
(Perret et al. 2014).3 The particle number and mass for each com-
ponent are listed in Table 1. Note that the particle number of the
collisionless components (DM and stars) is below what is gener-
ally necessary to fully overcome the Poisson noise that results from
the discretisation of the density field (q.v. D’Onghia et al. 2013).
But for now we are not interested in the onset of local instabilities
so this is of no concern.
The Smith Cloud progenitor, with its collisionless and gaseous
components, is initialised in a similar manner as the Galaxy. In ad-
dition, we need to consider the cloud’s initial position and trajectory
with respect to the galaxy’s centre. If the Smith Cloud is associated
to a DM subhalo, then it must have fallen in from a large distance
(d & 100 kpc). Nevertheless, it has been argued (Nichols et al.
2014) that, due to its well constrained speed of ∼ 300 km s−1, the
Smith Cloud cannot have fallen from infinity. Indeed, a (DM con-
fined) cloud with an initial velocity v0, falling (radially) under the
gravitational pull of the Galaxy’s potential from a distance d0 will
hit the disc at a speed (neglecting for the moment other forces)
v ≈ 200 km s−1

(
M
1012 M
) (
d0
250 kpc
)−1
+
(
v0
200 km s−1
)2
1/2
. (2)
Here, M is the mean mass enclosed within d0. This is indeed a very
rough estimate, as both the actual enclosed mass and the enclos-
ing radius decrease along the cloud’s orbit. Nonetheless, the above
calculation shows that, for an initial velocity v0 . 200 km s−1, a
cloud falling in from d0 & 250 kpc would reach the disc at a speed
a factor of a few times 100 km s−1. It turns out that the change of
enclosed mass and drag forces along the cloud’s orbit do not sig-
nificantly affect this estimate. In fact, we have run three test sim-
ulations adopting v0 = 100 km s−1 and d0 = 200 kpc or 100 kpc
3 See footnote 4.
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Table 1. Relevant galaxy model parameters (initial values).
Component Profile Mass (109 M) Scalelength (kpc) Particle mass g (103 M) Particle number (105) Metallicity (Z)
DM halo NFW 103 13.6 c 2000 5 h –
Stellar disc k MN 46 5.0 d 100 5 h –
Gas halo a NFW 19 13.6 4 i 50 0.3
Gas disc b Exp 9 7.0 e 1 i 100 0.3
DM subhalo j NFW 1, 0.1 1.9 f 100 1 –
Gas subhalo j,l NFW 0.16, 0.02 1.9 1 i 1 0.1
Notes. NFW: Navarro et al. (1997) profile. MN: Miyamoto & Nagai (1975) profile. aIn thermal equilibrium. bRadial exponential profile in vertical hydrostatic
equilibrium initially at constant temperature T = 104 K. c For a concentration of xvir = 15. d Scaleheight set to 0.5 kpc. e Scaleheight set by vertical hydrostatic
equilibrium (giving rise to a ‘flaring’ disc). f For a concentration of xvir = 25. g Adopted when discretising the corresponding density field. h A total of 106 test
particles have been used to compute the potential. iThe minimum gas mass in a cell at maximum refinement is ∼ 2.5 × 106 M. j We adopt both a low-mass,
and a high-mass subhalo. k The stellar metallicity is ignored as it is of no relevance for our study. lIn thermostatic equilibrium. See text for further details.
(the latter case for both a DM confined cloud and a pure gas cloud)
and have found that the cloud’s speed right before it reaches the
disc is 350 . (v/km s−1) . 450 (see also Figure 3 below). This is
somewhat higher than the observed speed of the Smith Cloud.
We ignore for now this fact and place the Smith Cloud pro-
genitor on an orbit initially tangential (with respect to the disc
plane) at a radial distance of R = 100 kpc and an impact para-
meter of ∼ 65 kpc from the GC (i.e. d ≈ 115 kpc), and initial speed
v0 = 100 km s−1. A non-vanishing, non-radial initial velocity is ne-
cessary to deter the cloud from falling radially towards the Galaxy’s
centre. Note that the cloud in all our models moves on a prograde
orbit with respect to the rotating hot halo (and the disc) on its way
to the galaxy, and thus experience a reduced ram pressure compared
to a fully stationary medium. The choice of an initially tangential,
prograde orbit is motivated by the observed prograde motion of the
Smith Cloud and the angle of its inferred orbit with respect to the
disc plane.
4.2 System’s evolution
The time evolution of the composite system representing the
Galaxy and the Smith Cloud progenitor with their collisionless and
gaseous components is calculated by solving the Vlasov-Poisson
and Euler equations with the adaptive mesh refinement (AMR) N-
body, gravito-hydrodynamics (GHD) code ramses (version 3.0 of
the code last described by Teyssier 2002).4 To this end, the initial
conditions (essentially particle masses, positions, and velocities;
and additionally internal energies for gas components) are mapped
onto an initially regular Cartesian grid, which is then locally refined
according to a number of criteria (see below). While collisionless
components (DM, stars) in principle retain their particle nature,
gas particles initially falling within the same volume element are
merged using a cloud-in-cell (CIC) interpolation scheme (Hockney
& Eastwood 1988), thus setting the initial value of the fluid vari-
ables (density, pressure, total energy) in each cell across the grid.
All gaseous components are assumed to consists of a monoatomic,
ideal gas, with an hydrogen fraction (by mass) Xh = 0.76. Note
that the contribution of all components to the overall gravitational
field is taken into account at all times.
4 We use a modified version of dice and our own patched version of ramses
which includes the dice patch written by V. Perret. Our setup files and codes
are freely available upon request to the corresponding author (TTG).
Despite the variety of physical processes which nowadays can
be included in simulations of galaxies – albeit via sub-grid ‘re-
cipes’ – we opt for a simpler, yet more robust, approach. More
specifically, we ignore star formation and feedback processes (in
the Galaxy or the Smith Cloud progenitor) of any kind as these are
still very crude and dependent of poorly understood parameters. In
particular, our calculations do not include the internal heating (e.g.
via star formation) that has been shown to assist the stripping of gas
off DM subhalos through ram pressure or tidal interactions (Nich-
ols & Bland-Hawthorn 2011). The only microphysical process we
consider is radiative cooling. This is essential to the stability of the
system, which – in addition to the collisionless components – con-
sists roughly of two gas phases: a ‘hot’ phase (halo), and a ‘warm’
phase (disc, cloud).
We adopt a simple hydrogen (H) and helium (He) network, in
addition to cooling by heavy elements, assuming at all times ionisa-
tion equilibrium, following Theuns et al. (1998).5 Since we are neg-
lecting both the Galactic and extragalactic ionising radiation fields,
we do not include the effect of photo-heating. This, together with
our ignoring feedback processes, makes it necessary to impose an
artificial temperature floor on the gas to avoid overcooling (thus
effectively mimicking heating and thermal feedback). We set this
at T = 104 K, equal to the (initial) temperature of the gas disc,
the low-mass subhalo, and on the order of the equilibrium tem-
perature that would be obtained from the balance between cooling
and heating for our adopted range in metallicities and a reasonable
model of the extragalactic ultra-violet background (e.g. Wiersma
et al. 2009). Also, this value is consistent with the temperature (or
equivalent pressure) floor required to avoid numerical fragmenta-
tion at the relevant densities (q.v. Teyssier et al. 2010).6
The system is placed into a cubic box with length 500 kpc
on each side, with open (i.e. ‘zero gradient’) boundary conditions,
allowing for gas inflow at all times. The reason for the choice of
box size is to maximise the resolution for the highest adopted re-
finement level (see below), while fully enclosing the system. Note
that both the DM halo and the hot halo fit tightly into this volume.
However, this is not an issue since both the DM and gas densities
5 This includes a number of processes such as collisional ionisation
and excitation, (dielectronic) recombination, Bremsstrahlung, and inverse
Compton scattering.
6 It should be mentioned that we do not impose such density-dependent
floor; as a consequence, the gas disc develops a dense, ‘cool’ (at T = 104 K)
core over time (see Figure B1).
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Figure 3. Subhalo kinematics over a period of roughly 2.5 Gyr in RUN 2.
Distance to the Galactic Centre (top); speed along its orbit (bottom). The
vertical dashed lines indicate the time roughly corresponding to the disc
transits at t ∼ 0.6 Gyr and t ∼ 2.2 Gyr. The horizontal dashed line corres-
ponds to the mean distance (top) and mean total speed (bottom) of the Smith
Cloud as estimated by Lockman et al. (2008), and are only included for ref-
erence. Results essentially identical in RUN 1 and qualitatively similar in
RUN 3 for t . 2 Gyr (not shown).
are extremely low beyond r ∼ 200 kpc. That being said, we do ob-
serve some mass loss from the DM halo through the boundary at
the percent level in the course of our simulations, but it is negligible
and thus dynamically irrelevant.7
For each adopted DM subhalo mass we run two simulations:
A low resolution with up to 13 refinement levels for the gas com-
ponent, and a high resolution simulation with a maximum refine-
ment level of 15, both with the coarsest level set at 7. The result-
ing limiting spatial resolution in each case is 500 kpc / 213 ≈ 60 pc
and 500 kpc / 215 ≈ 15 pc. The refinement level for collisionless
particles is limited8 to 11 and 13 for the low and high-resolution
runs, respectively, which translates into a limiting spatial resolution
of ∼ 250 pc and ∼ 60 pc. The grid in the low resolution simulation
is refined (coarsened) at runtime whenever the gas mass in a cell ex-
ceeds (falls short of) ∼ 2.5× 106 M or the number of collisionless
particles is larger (smaller) than 40. The corresponding thresholds
for the high-resolution run are ∼ 3 × 105 M and 25. In addition,
refinement is applied in order for the Jeans length to be resolved at
all times with at least four cells (Truelove et al. 1997). Note that
in the low-resolution run, the nominal limiting spatial resolution is
roughly half the scaleheight of the stellar disc. Nonetheless, this
resolution is apparently high enough to keep the stellar disc stable
(Figure 5 and Appendix B). Also, the resolution imposed on the
gas will be generally higher than implied by the gas mass threshold
alone, as the gas is virtually always spatially coincident with high-
density collisionless components. This is particularly true, and im-
portant, for the subhalo.
7 An animation of the DM halo’s evolution can be found following this
link.
8 These values have been chosen to avoid N-body relaxations, and are re-
commended by R. Teyssier (private communication). In brief, we run a pure
N-body simulation with no limit on the refinement level (in practice we set a
very high refinement level) and record the maximum level achieved during
the run; this gives an idea of what maximum refinement level to impose on
the collisionless components when running a full N-body GHD simulation.
Table 2. Summary of simulation runs.
Name DM a (108 M) Gas a (107 M) Resolution b (pc)
RUN 1 10 15 60 (13)
RUN 2 10 15 15 (15)
RUN 3 2.4 1.6 15 (15)
RUN 4 – 16 15 (15)
Notes. a Refers to the subhalo’s DM or gas mass, respectively. b Approx-
imate limiting spatial resolution. The number in parentheses indicates the
maximum refinement level l. The ratio of the cell size to the box size cor-
responding to a given limiting resolution is given by 2−l.
5 RESULTS
A disc crossing, or more appropriately, a disc transit, of a (DM-
confined) cloud is accompanied by three distinctive phases which
we identify as follows:
Approach: The phase prior to reaching the disc when the cloud
is within ∼ 20 kpc of the disc plane. During this phase the cloud is
moving towards the disc, and develops an apparent head-tail mor-
phology.
Rise: The phase immediate after the transit, when the cloud is
within ∼ 20 kpc of the disc plane, for consistency with the above.
As discussed below, this phase is characterised by the formation
of a ‘streamer’, an elongated gas structure extending between the
gas disc and the cloud. During this phase the cloud is moving away
from the disc.
Fall: The phase during which the streamer formed during rise
has detached from the subhalo and falls back to the disc. In this
phase, the gas is not confined by a DM subhalo.
If a cloud experiences multiple transits, each will be characterised
by the same three phases. Thus, for the sake of clarity, whenever
appropriate we will refer to each phase as first approach, first rise,
first fall, or second approach, etc. depending on which transit they
correspond to.
In Appendix A, we treat the specific case of a pure gas cloud
(i.e. without a confining DM subhalo) falling towards the disc. In
Figure A1 we show using a time sequence that the massive HVC (∼
108 M) does not survive its first disc transit. Obviously, the HVC
does not mix with the ISM on its first approach (Figure A2) and this
remains true for the DM-confined case (Figure 8). Below we show
that the observed metallicity pattern along the Smith Cloud can be
understood as a direct consequence of a cloud partially mixing with
the ISM gas on its way through the disc (either at the rise or fall
phase). Thus, we do not believe we are observing the Smith Cloud
is on its first approach.
Therefore, in what follows we focus only on the discussion
of DM-confined clouds. We shall refer to the high-mass subhalo,
low-resolution run as ‘RUN 1’; to the high-mass subhalo, high-
resolution run as ‘RUN 2’, and to the low-mass subhalo, high-
resolution run as ‘RUN 3’. The high-resolution run featuring a DM-
free cloud is referred to as ‘RUN 4’, for consistency. We will ignore
henceforth the low-resolution run featuring a low-mass subhalo,
since its corresponding results can be accommodated within the
results of the other runs (see Table 2).
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Figure 4. Gas column density (face-on and edge-on projections) prior to (columns 1 - 2) and after (columns 3 - 4) the subhalo’s first transit in RUN 1 (top
row) and RUN 2 (bottom row). The logarithmic value of the gas column density (in units of cm−2) is indicated by the grey scale to the right of each row,
and is the same for all panels. We have imposed a lower limit at a logarithmic value of 20 for displaying purposes. The contours indicate the projected DM
density of the subhalo between ∼ 3 × 106 and 108 M kpc−2 in steps of 0.3 dex. The time indicated in the top left corner of each panel corresponds to the
total simulation time. The total speed of the DM subhalo before (after) the transit is ∼ 420 km s−1 (∼ 320 km s−1; see Figure 3). The dotted line in each panel
indicates the subhalo’s projected trajectory (up to its position at each snapshot). The face-on projected gas disc is spinning clockwise; the subhalo is therefore
on a prograde orbit with respect to the disc (and the hot halo; not visible here). The corresponding result in RUN 3 is qualitatively similar to RUN 1, and is
therefore omitted. For an animated version of this figures and additional material follow this link.
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Figure 5. Same as Figure 4, but displaying the stellar surface density rather than the gas column density. The logarithmic value of the stellar surface density
(in units of M kpc−2) is indicated by the grey scale to the right of each row, and is the same for all panels. We have imposed a lower limit on the colour
scale corresponding to a stellar density (in logarithmic scale) of 6.5 for displaying purposes. Like the gas disc, the face-on projected stellar disc is spinning
clockwise. For an animated version of this figures and additional material follow this link.
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Figure 6. First approach, transit, rise and fall for the case of a high-mass subhalo (at high resolution, i.e. in RUN 2). Each panel shows an edge-on projection
of the system, and contains a series of contours corresponding to total gas column densities in the range 1020 cm−2 to 1021 cm−2 in steps of 0.2 dex. The
gas disc can be clearly seen as a high-density slab in this projection. The time sequence runs from left to right and top to bottom, and corresponds to a total
timespan of roughly 500 Myr. Note that the subhalo has detached from its associated streamer at t ∼ 75 Myr and has moved on. The subhalo’s second transit
features a qualitatively similar, albeit significantly shorter (∼ 50 Myr), sequence of events (not shown). For an animated version of this figures and additional
material follow this link.
5.1 Account of a disc transit
Quite generally, as the subhalo falls in from a large distance, it
speeds up, gradually being deflected from its initial (tangential) dir-
ection as a result of the strong gravitational potential at the centre
of the Galaxy. Eventually, the cloud and its confining halo, now
travelling at ∼ 450 km s−1, reach the disc roughly at perihelion at
R ≈ 13 kpc from the galactic centre (Figure 3), encountering gas
with column densities in the range Ntot ∼ 1020 − 1022 cm−2. The
subhalo’s first approach and first rise in RUN 1 and RUN 2 are
illustrated both in Figures 4 and 5. Notably, the total deflection ex-
perienced by the subhalo is so large that it moves away from the
disc at a roughly right angle with respect to its initial orbit (see also
Figure B1).
After the disc transit (i.e. at rise), the DM subhalo detaches
from (part of) its gas, leaving behind a streamer – a gas tail extend-
ing from the disc – that eventually fades away as it is accreted by
the galaxy (i.e. at fall). We emphasise that this behaviour is com-
mon to all runs. In RUN 2, and in contrast to the other runs, the
DM subhalo retains a significant fraction of its gas as it moves past
the disc towards the galactic pole at high speed (cf. Section 5.2).
In fact, the gas cloud within the DM subhalo survives long enough
to transit the disc for a second time. Both disc transits along the
cloud’s orbit are easily identified by the maxima and minima in the
velocity and the distance, respectively, displayed in Figure 3.
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Figure 7. For each run, the lines indicate the DM mass (left), gas mass (middle), and tracer value (right) at a given time within a cubic reference volume of
length 5 kpc centred on the DM subhalo’s core. The masses at a given time are given relative to its corresponding initial value. The horizontal dashed line in
the middle panel indicates the 50 percent threshold, for reference (note the logarithmic scale on the vertical axis). The vertical dashed lines indicate the epoch
roughly corresponding to each of the disc transits in RUN 2, and are identical in all panels. The spikes (dips) in the relative gas mass (gas tracer) in all runs are
caused by the overlap of the subhalo with the gas disc during transits, and can be ignored. Line styles and corresponding meaning are given in the left panel.
The first disc transit and its associated phases are illustrated
in Figure 6 for the case of a high-mass cloud at high resolution
(RUN 2). There we show a sequence of snapshots spanning a total
time of roughly 500 Myr, showing in particular the evolution of the
streamer. Each panel contains a series of contours corresponding to
total gas column densities in the range 1020 cm−2 to 1021 cm−2 in
steps of 0.2 dex. It can be clearly seen that the streamer eventually
splits into two main components: one remains attached to the DM
subhalo, while the other remains attached to the disc. The latter can
be identified as a high-density gas ‘ridge’ at z . 5 kpc (or .20 deg;
see Figure 9). The gas mass of the ridge within a cubic volume of 5
kpc at this point in time is ∼ 5 × 107 M, consistent with the result
that the subhalo loses roughly half of its mass after the first disc
transit, as discussed below. It is worth noting that its total mass can
easily accomodate the total current mass of the Smith Cloud.
As the remainder of streamer moves on a prograde orbit
around the Galactic Centre, slightly lagging behind the disc, it
rises, until it starts to fall back onto the disc after ∼ 100 Myr
since the transit. We note with interest that the distance to the
disc of the high-density fragment never exceeds ∼ 10 kpc. The
streamer moves with a range of velocities corresponding to total
speeds . 300 km s−1 until accretion. To get a sense of the timescale
between the formation and accretion of the streamer, we define the
‘fading time’ as the timespan between the transit and the point in
time when the density of the subhalo gas drops below a total gas
column density of 1020 cm−2. We thus find that the streamer dis-
appears from view after ∼ 400 Myr when it finally falls back onto
the disc. A similar behaviour is observed after the subhalo’s second
transit (not shown). Given the significantly reduced mass of its gas
content (see below), the associated streamer fades away after only
∼ 40 Myr.
5.2 Mass budget
In order to quantify the evolution of the subhalo’s mass (both the
DM matter and its gas content) during a transit, we proceed as fol-
lows. We track the subhalo along its orbit, and integrate both the
DM matter and the gas density separately over a cubic volume of
length 5 kpc. We estimate the subhalo’s position and velocity us-
ing its dense core as a proxy for the centre of mass, since the latter
deviates significantly from the core’s position when the subhalo’s
tidal distortion becomes important.
The evolution of the subhalo’s DM mass along its orbit in each
run is shown in the left panel of Figure 7. We find that regardless
of the initial subhalo’s mass and the limiting resolution of the run,
the subhalo loses around 20 percent of its initial DM mass after
∼ 100 Myr since the transit. The same mass loss is experienced by
the DM subhalo after second transit (RUN 2 only). In either case,
it is worth mentioning that the mass loss is not caused by the disc
transit, but is rather lost to the tidal tails which result from the grav-
itational interaction between the subhalo and the strong galactic
potential.9 Despite the significant mass loss and heavy distortion,
the DM subhalo recovers its spheroidal shape even before reaching
aphelion at z ∼ 100 kpc above the disc (Figures 3 and B1).
The gas content of the subhalo experiences a different fate en-
tirely (Figure 7, central panel). As briefly discussed above, a low-
mass DM subhalo is virtually devoid of gas after its first transit. The
gas is simply left behind in the form of a streamer. Deprived of the
shielding effect of the DM subhalo, the gas interacts with the hot
halo, expanding and becoming more diffuse, its remnant eventually
falling back to the disc. The same behaviour is displayed by a high-
mass subhalo at low resolution. In contrast, a high-mass subhalo at
high resolution retains roughly half of its initial gas mass after the
first transit. After the second transit, however, it is completely lost
to the disc, similar to the low-mass halo after its first transit. It is
noteworthy that the gas mass in the streamer formed after the first
transit in RUN 2 (∼ 6×107 M) is well above the total inferred gas
mass of the Smith Cloud (& 4 × 106 M).
We thus find that DM confinement may assist cloud survival
during a high-speed impact with the disc, provided the cloud is
massive enough and the spatial resolution high enough (see Table
2). This is in agreement with earlier work (Nichols et al. 2014), but
differs fully from more recent results (Galyardt & Shelton 2016).
The clouds we consider are all comparable to the clouds considered
in these previous studies both in terms of mass and shape. Our nu-
merical approach is also similar to theirs. Our highest adopted lim-
iting resolution is comparable to the limiting resolution in Nichols
et al.’s work, but we ignore the resolution in Galyardt & Shelton’s
simulations. Based on the different results in our high and low res-
olution models, we speculate that the difference between theirs and
our results is most likely due to differences in the adopted limiting
resolution.10
9 An animation of the subhalo’s tidal distortion along its orbit can be found
following this link.
10 We note that Galyardt & Shelton (2016) have not considered radiative
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Physically, the result that a cloud is destroyed during a transit
can be understood in terms of the kinetic argument presented by
Bland-Hawthorn (2009). It states that, to first order, a gas cloud
will not survive a collision with a gas disc unless its column dens-
ity is higher than the disc’s column density at the point of impact.11
Indeed, in RUN 2 the cloud’s gas density is slightly higher than
the disc’s density at the impact point during the first transit, thus
it survives; but is slightly below during the second transit and in
consequence it is destroyed. The latter is also true for the low-mass
cloud (RUN 1) and the low resolution case (RUN 3). The reduced
density of the high-mass cloud during its second transit is a direct
consequence of the gas mass loss and the reduction in the subhalo’s
mass. The fact that a slight difference in the gas density of the cloud
with respect to the disc determines whether it survives or not sug-
gests that high-order effects are important.
The fact that our model survives only two transits is due to of
our particular choice of initial subhalo parameters. Further trans-
its are not ruled out, but they would require a DM-confined cloud
with total mass in excess of 109 M, or an orbit that leads to an
impact point further out in the disc. In any event, the formation of a
streamer at each transit and its eventual accretion onto the Galaxy
after its last transit is a general result.
Regardless of the subhalo’s initial mass, or the limiting resol-
ution, the gas disc does not suffer any appreciable damage after the
high energy impact; in particular, the cloud does not ‘punch’ an ap-
parent hole into the disc, nor does it create a ‘bubble’ as reported by
Galyardt & Shelton (2016). The reason for the discrepancy between
their and our results could be a difference in the gas column density
of the cloud relative to the gas column density at the impact point in
the disc, although we cannot know for sure, since we ignore their
corresponding values. Also, it is unclear whether they set up the
ISM in their simulations to be in centrifugal equilibrium or in ver-
tical hydrostatic equilibrium with the total potential, which affects
its dynamic stability. Similarly to the gas disc, the stellar disc does
not show any apparent memory of the event (Figure 5).
Finally, we note with that we do not see any hint of accretion
of gas onto the DM subhalo, either before, during or after its disc
transits (Figure 7, middle panel). In this respect, we disagree again
with Galyardt & Shelton (2016). The source of this discrepancy
is not clear at this point, but it is puzzling, especially in view of
the adiabatic nature of their simulations in contrast to our models
including cooling, which may promote gas accretion onto DM-free
HVCs under favourable conditions (Marinacci et al. 2010; Gritton
et al. 2017, but see Section 5.3).
5.3 Gas mixing
It is generally believed that external gas accreted by the Galaxy, if
primordial, cannot contain high amounts of elements heavier than
helium ([Fe/H] . -1) although it can be higher if it is recycled
gas due to a Galactic fountain, say. In fact, measurements of the
heavy-element content of HVCs around the Galaxy, in particular
the Magellanic Stream, suggest that the threshold at the present
epoch lies somewhere around 10 percent relative to the solar value
(Fox et al. 2013; Richter et al. 2013).
cooling in their models, as have Nichols et al. (2014) and ourselves, but we
cannot tell whether this difference has accentuated the discrepancy.
11 Note that this depends as well on the ratio of the disc’s scaleheight to the
cloud diameter, which in our case is of order unity.
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Figure 8. Edge-on projection of the system prior (top) and after (bottom)
the first transit in RUN 2. The colour code indicates the value of a passive
tracer characteristic of each gaseous component. The gas disc, the hot halo,
and the gas cloud have been initially assigned a value of -1 (‘white’), 0
(‘grey’), and +1 (‘black’), respectively. Dotted lines and time labels as in
Figure 4. Note that we have imposed a lower limit at a tracer value of -0.6
for displaying purposes. Also, we have included only the outermost DM
contours of the subhalo for clarity. For an animated version of this figures
follow this link.
Fox et al. (2016) have shown that the gas kinematically associ-
ated with the Smith Cloud extending over a few kilo-parsec from its
tail tentatively displays a gradient in [S/H] – the higher value being
closer to the tip, i.e. to the Galactic plane –, with an average value
around half the sulphur abundance of the Sun. However, previously
available metallicity estimates based on the nitrogen abundance de-
rived from emission – rather than absorption – line measurements
(Putman et al. 2003; Hill et al. 2009) suggest instead a decrease of
the metallicity along the Smith Cloud towards the plane (Figure 9).
Needless to say, any apparent trend is to be taken with caution as
the uncertainty in all the available measurements is still large.
In view of these measurements, it has been argued (Fox et al.
2016; Marasco & Fraternali 2017) that the Smith Cloud is likely
of Galactic origin. On the other hand, it has been shown, although
under simplified conditions, that a cloud moving through a high-
metallicity environment may experience significant mixing, thus
washing away its ‘primordial’ signature (Henley et al. 2017). The
latter is relevant as we believe that the Smith Cloud’s kinetic energy
(& 4 × 1053 erg in the frame of the disc’s rotation) renders models
based on ejection from the disc implausible.
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Crucially, Henley et al. did not consider the impact of a cloud
with a gas disc, nor they considered DM confinement. In view of
the effective shielding provided by DM discussed in the last sec-
tion, it is important to address whether our simulations support a
scenario in which a cloud within a DM subhalo can mix with the
ISM during a transit. We accomplish this task in the following way,
focusing for now only on RUN 2. We attach to each of the gas
components a passive tracer at the beginning of the simulation:
The gas disc is initially assigned a value of -1 (‘white’); the hot
halo, 0 (‘grey’); and the gas cloud, +1 (‘black’). Thus, we are able
to identify at all times the gas initially in a given component and
whether it mixes with any other gas component. This is illustrated
in Figure 8. The panels show the density-weighted value of the
tracer across a fraction of the simulation volume before (top) and
after (bottom) the first disc transit. The gas within the DM subhalo
features a value close to +1 before the transit, but it is clearly below
1 after the transit, signalling mixing with the ISM. A quantitative
assessment of the level of mixing can be obtained by following the
same approach we followed to estimate the subhalo’s mass loss in
Section 5.2.
The result of this exercise is shown in the right panel of Fig-
ure 7. The relevant case (RUN 2) shows that the cloud signific-
antly mixes with the disc gas during disc crossings, as the the
value of its gas tracer drops from 1 to roughly 0.8, after the first
transit, and down to 0 after the second (when the DM subhalo com-
pletely loses its gas). Remarkably, the run of the tracer is virtually
flat between transits, indicating that the gas cloud does not (ap-
preciably) interact with the hot halo gas. Indeed, we find that the
gas core within the subhalo retains a temperature of order 104 K
at all times (not shown). This behaviour is opposite to the beha-
viour of pure gas clouds which interact and may mix significantly
when moving through the Galactic corona (e.g. Gritton et al. 2014).
We conclude that DM confinement provides an effective shielding
mechanism against hydrodynamic interaction with a diffuse ambi-
ent medium.
A simplistic, back-of-the-envelope calculation shows that, if
the transit results in mixing such that the cloud retains a fraction
fc of its gas, the gas cloud’s metallicity Z′c after the transit is given
in terms of the its metallicity Zc before the transit and the ISM
metallicity Zd by Z′c ≈ Zc fc +Zd(1− fc) (all in solar units). Adopting
Zc = 0.1 and the mean value found by Fox et al., Z′c = 0.5, and
assuming the mixing at a 20 percent level is representative ( fc ≈
0.8), we can estimate the required ISM metallicity at the point of
impact during first transit. We get Zd ≈ 2 (or 0.3 dex); a rather
high, but not implausible value for the Galaxy, in particular within
R . 10 kpc (Rudolph et al. 2006). We note that this value is much
higher than the upper limit of ∼ 1 Z inferred by Henley et al.
(2017), although they did not consider mixing with the ISM.
We can actually do better by measuring the metallicity along
the cloud and its stream in our model. However, we cannot use the
actual metallicity of each component in the simulation, as halo and
disc have been initially assigned the same (uniform) metallicity,
and it is thus difficult (if not impossible) to distinguish between the
mixing of the cloud and halo gas or disc gas. Instead, we estimate
the individual contribution of each gas phase to the tracer value
in a given cell along the streamer, and compute the total metal
mass fraction by weighing the intrinsic metallicity of each com-
ponent with its tracer contribution. To compare to observations, we
transform the position across the cloud into an angular distance.
We choose for this experiment two representative snapshots, one at
rise, and one at fall after the first transit (Figure 9).
The approach outlined above thus requires knowledge of the
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Figure 9. Top: Edge-on projection of the system at ∼ 50 Myr after the first
transit (rise). Middle: Edge-on projection of the system at ∼ 1 Gyr after the
first transit (fall). The colour scale indicates in each case the value of the
passive tracer (cf. Figure 8). The contours correspond to total gas densities
in logarithmic scale (in units of cm−2) between 20 and 21 in steps of 0.2 dex
(top) and at 19.4 and 19.6 (middle). We have omitted the density contours
of the gas disc, for clarity. Note the difference in the spatial scale as well as
in the colour range between panels, chosen to enhance the contrast between
the various gas components in each case. Bottom: Gas metallicity along the
streamer at rise (solid) and fall (dashed). The model curves correspond in
each case to an assumed mean ISM metallicity of 2, 1.5, and 1.0 Z (from
top to bottom). The data points corresponds to different element abundance
measurements along the Smith Cloud from the literature. The symbols and
error bars indicate the mean value and corresponding uncertainty, respect-
ively. (See also Figure A2.)
MNRAS 000, 1–18 ()
12 T. Tepper-García and J. Bland-Hawthorn
ISM metallicity at the crossing point, the intrinsic metallicity of
the cloud, and its distance. Since both the gas metallicity of the gas
disc and the distance to the cloud in our model are to some extent
arbitrary, we rescale their values making some educated estimates.
Given the uncertainty in the ISM metallicity at the crossing point,
we adopt three different values, 1, 1.5 and 2 Z, spanning the range
between Henley et al.’s estimate and the value calculated above.
The cloud’s metallicity is taken to be its initial value in our model,
0.1 Z, which is just slightly below the lowest observed values (tak-
ing into account their uncertainty Hill et al. 2009; Fox et al. 2016).
A value of zero is assigned to the halo’s metallicity, to avoid con-
tamination. The heliocentric distance to the Smith Cloud is fixed
by observation (d = 12.4 ± 1.3 kpc; Lockman et al. 2008).
The above assumptions, together with the mixing it experi-
ences, fix the metallicity of the streamer right after first rise. Indeed,
the adopted initial ISM metallicities (1, 1.5 and 2 Z) translate into
an initial streamer metallicity of approximately 0.3, 0.4 and 0.5 Z,
respectively. These are used to estimate the streamer’s metallicity at
first fall as per the above approach. In this case, we restore the halo
metallicity to its initial value (0.3 Z), since the streamer interacts
with it along its orbit.
The run of the gas metallicity roughly along the main axis of
the streamer, from its origin in the disc all the way to the cloud’s
core (the latter only at rise) is shown in the bottom panel of Figure
9, together with different element abundance measurements along
the Smith Cloud from the literature. It is reassuring that the model
results match the mean observed abundance level. But it seems dif-
ficult to match the observations assuming a uniform cloud’s metal-
licity, suggesting that the heavy-element distribution within the
Smith Cloud is likely patchy. On the other hand, if the metallicity
variations across the cloud are dominated by systematic errors, we
can conclude that the enhanced abundance of heavy elements ob-
served in the Smith Cloud may well be the result of the cloud par-
tially mixing with the ISM during transit, provided the ISM metalli-
city at the impact point is sufficiently high, in qualitative agreement
with Henley et al. (2017)
The above result does not depend heavily on the particular
snapshot chosen at rise or fall. Indeed, we have checked that per-
forming the same calculation at different epochs (not too far in the
cloud’s evolution though) turns out to be somewhat redundant, as
the multi-epoch metallicity measurements more or less fall on top
of each other, reaching only different (higher or lower) angular dis-
tances at different times. Note that a cloud on its second approach
would feature a chemical signature very similar to its signature dur-
ing first rise (i.e. dashed lines in the bottom panel of Figure 9). This
is a direct consequence of the lack of mixing of the DM-confined
cloud with the halo gas along its orbit between transits (see Figure
7, right panel).
5.4 Gas structure and kinematics
The Smith Cloud displays an apparent cometary morphology, with
a bullet like, dense core (closest to the Galactic H i disc) surrounded
by filamentary shreds of gas (Lockman 2016). In our models, the
DM confined gas shows a clear head-tail structure both when ap-
proaching the disc and moving away from it after its transit (see e.g.
Figure 8). Although with a less apparent ’head’ and a more prom-
inent tail, the streamer displays a similar geometry. In all cases,
however, the gas shows a rather smooth appearance, in disagree-
ment with Nichols et al. (2014)’s corresponding result. The reason
for this discrepancy is not fully clear; it could be due to differences
in the numerical scheme adopted by each group. More specific-
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of Rest (GSR) at first rise (top) and first fall (bottom; see Figure 9). The
solid line indicate the mean at each position and the dashed lines, the stand-
ard deviation. The dotted horizontal line and the hatched area correspond to
the mean value and the uncertainty in the total space velocity of the Smith
Cloud (∼ 296 ± 20 km s−1; Lockman et al. 2008). See text for details. An
animated version of the line-of-sight velocity of the gas and additional ma-
terial can be found following this link.
ally, the Riemann Solver we have used, based on the Local Lax-
Friedrics method (LLF; Lax 1954, see also Toro 2009), is perhaps
diffusive enough to wash out any small-scale structure, despite our
relatively high spatial resolution. It is also possible that our adop-
ted refinement strategy has lead to a ‘smearing’ of structure close
to the resolution limit, especially when the gas detaches from its
confining DM subhalo. In any case, we do not believe that this cir-
cumstance has negatively affected our general results, as they likely
do not rely on small-scale effects.
To conclude, we briefly consider the kinematics of the gas
streamer. The total space velocity of Smith Cloud (∼ 300 km s−1;
measured at its tip) comprises a vertical component of 73 ±
26 km s−1, and an azimuthal component of 270± 21 km s−1 (Lock-
man et al. 2008), thus moving significantly faster than the local (i.e.
at z ≈ 3 kpc) Galactic ISM, which lags with respect to the disc rota-
tion (Levine et al. 2008; Fraternali & Binney 2008). The kinematic
measurements of the streamer in our model are presented in Fig-
ure 10. The top panel shows the total speed (in the rest-frame of the
Galaxy) of the gas along the main axis of the streamer at first rise as
shown in the top Figure 9, from the tail all the way to the subhalo’s
core and beyond. The speed increases from ∼ 230 km s−1 at the
base of the streamer to ∼ 280 km s−1 at the location of the subhalo.
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Beyond, the gas velocity drops as the we start to probe the cloud-
halo interface. The bottom panel shows the corresponding result for
the gas streamer at first fall shown in the bottom panel of Figure 9.
In either case, the speed is only marginally consistent with the ob-
served speed of the Smith Cloud, indicated by the hatched area in
both panels. We note that, by definition, the vertical velocity of the
cloud at rise is positive, while it is negative during fall, and is on
the order of 100 km s−1 in either case. The cloud’s velocity during
second approach is identical to the subhalo’s velocity (see Figure
3), and thus much higher than the total space velocity of the Smith
Cloud. A better match between model and observation may be ob-
tained by imposing a different kinematic initial condition on the
cloud’s progenitor, although it is not obvious what an appropriate
orbit and initial velocity one should choose.
6 DISCUSSION
Based on our results, we conclude that the Smith Cloud may be ex-
plained as the result of a highly energetic disc transit of an infalling
DM confined gas cloud in the recent past. This explanation offers in
turn a number of possible interpretations. The first of these, which
corresponds to a DM-confined cloud on first approach is deemed
unlikely, as it requires the intrinsic metallicity of the Smith Cloud
to be roughly equal to or higher than 0.5 Z in order to explain its
observed enrichment level. We note that this metallicity is signi-
ficantly higher than the mean metallicity today of the ISM in the
Small Magellanic Cloud (0.2 Z) and comparable to the present-
day mean ISM metallicity of the Large Magellanic Cloud (Russell
& Dopita 1992). Note that these systems have halo masses well
in excess of 109 M (Stanimirovic´ et al. 2004) and 1010 M (van
der Marel & Kallivayalil 2014), respectively, i.e. are currently more
massive than our Smith Cloud progenitor.
The second possible interpretation of the Smith Cloud as a
DM-confined cloud on a second approach appears problematic
given its velocity prior to impact which is too high (∼ 450 km s−1)
compared to the observed orbital velocity of the Smith Cloud
(∼ 300 km s−1). The kinematic properties of our model cloud may
be affected by the choice of orbit and initial velocity. But given that
the Galaxy’s DM halo mass is well constrained from observation
(e.g. Zaritsky & Courtois 2017; Dierickx & Loeb 2017), and thus
the overall Galactic potential, it remains difficult to conceive an or-
bit that would allow a distant, infalling cloud to have an impact
velocity comparable to the observed speed of the Smith Cloud.
Thus we are left with the most plausible scenario where the
Smith Cloud corresponds to (part of) a gas streamer, a long-lived,
elongated gas structure extending to the Galactic disc which formed
right after the subhalo’s transit. But it remains ambiguous whether
such a scenario better describes the Smith Cloud as the streamer is
moving away from the disc, or falling back onto the Galaxy.
The observed cometary morphology of the Smith Cloud, with
its ‘head’ pointing in the direction of the Galactic plane, is of-
ten invoked as the main argument in favour of motion towards the
Galactic disc. But to date its true proper motion remains unknown.
The definite answer may come from a detail study of the magnetic
fields around the cloud. As we have shown in our related study of
magnetised HVCs (Grønnow et al. 2017), the motion of a gas cloud
within a magnetised medium results in a distinctive field configura-
tion around the cloud, consisting essentially of a compressed mag-
netic skin at its leading edge and a current sheet behind the cloud,
whose relative strength varies along the cloud’s orbit. In view of
this result, determining whether and where the Smith Cloud fea-
tures a magnetic skin and tail will be helpful in constraining its
proper motion. The recently discovered enhanced Faraday rotation
measures associated with the Smith Cloud (Hill et al. 2013) are not
as yet enough, and more sensitive measurements at and around the
Smith Cloud are now needed to elucidate the full structure of its
associated field.
To sum up, in our interpretation the Smith Cloud is likely a
fragment of a massive, gaseous stream, the ‘Smith Stream’, com-
posed in part from gas dislodged from the Galactic ISM in the past
by the passage through the Galactic disc of a massive subhalo filled
with gas. Tentative evidence for the association of the Smith Cloud
with a larger gas structure has been briefly discussed by Lockman
et al. (2012). There, it appears to be part of a filament of gas at an
angle with respect to the plane of the Galaxy, extending for several
kilo-parsec from the location of the Smith Cloud to the disc and
beyond. We conjecture that the gas structure opposed in direction
to the Smith Cloud with respect to the disc plane may have a tidal
origin, created by ram pressure stripping of gas off the subhalo as
it moved through the Galactic hot halo, combined with the extreme
tidal forces acting upon it along its orbit. We note that the former
requires some form of internal heating, as otherwise the gas would
remain bound to the subhalo.
We have shown that the transit of a massive enough subhalo
through the Galactic disc results in a stream on one side of the disc
plane. Our model also shows the formation of another tail along the
subhalo’s orbit on its approach to the disc (Figure 11). This tail is
probably too diffuse to be detected at a limiting gas column density
of 1019 cm−2. Our model does not produce a prominent tidal tail,
likely due to the absence of internal heating that prevents the diffuse
hot halo from removing a significant fraction of the gas confined by
the subhalo (Nichols & Bland-Hawthorn 2011).
The significance of our results is best appreciated within a
broader cosmological context. High-resolution, N-body simula-
tions of Galaxy-sized halos show that the number of subhalos with
masses between ∼ 108 M and ∼ 109 M is on the order of 1000 and
100, respectively (Springel et al. 2008). However, the overwhelm-
ing majority of these subhalos (or of any mass, for that matter) are
found in the outer parts of the halo, at r & 100 kpc, in spite of
the fact that their number density is highest in the central region.
In fact, only about 10 percent of halos with masses above 108 M
are found within r ∼ 20 kpc (Gao et al. 2004). Thus, there are
between 10 and 100 possible ‘Smith-sized’ halos over cosmic time
inside the optical disc radius of the Galaxy, i.e. roughly one every
0.1 – 1 Gyr. Assuming they all have gas, our models indicate that,
regardless of their mass, these subhalos will survive long enough
to be accreted by the Galaxy, bringing in a total gas mass of or-
der 109 M at a rate of roughly 0.1 M yr−1, an order of magnitude
lower than the present-day star formation rate of the Galaxy (e.g.
Robitaille & Whitney 2010).
We recognise that our results may have been affected by the
lack of two important features in our galaxy model: 1) a truly fast-
rotating hot halo; and 2) feedback processes within the Galaxy.
Both these are expected to have a significant impact on the evol-
ution of gas on its way to be accreted by the Galaxy. A fast-rotating
corona may affect the hydrodynamic evolution of gas depending
whether this gas is coming in on a prograde or a retrograde or-
bit. And it may also affect the evolution of gas streamers as these
rise from the disc. Similarly, feedback (e.g. winds) may assist gas
removal by increasing the gas internal energy, thus affecting the
survivability of (DM-confined) clouds (Cooper et al. 2009). Any
improvement of our model needs to address these shortfalls. In ad-
dition, it may be necessary to move away from a single subhalo-
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Figure 11. Edge-on projection of the system at ∼ 40 Myr after the first
transit (RUN 2). The top panel shows the gas tracer (see also Figure 9);
the bottom panel, the gas metallicity. The gas cloud is easily identifiable,
moving upwards away from the disc. Note that we have restricted the colour
scale to an absolute tracer value of 0.5 in the top panel, and to a minimum
gas metallicity of 0.2 Z in the bottom panel to enhance the contrast and
render visible the tail below the disc formed prior to the transit. Recall that
the both hot halo and the gas disc have been initially assigned a metallicity
of 0.3 Z, and are thus indistinguishable from one another in the bottom
panel.
Galaxy interaction, and to include a number of such subhalos fea-
turing e.g. a range of masses, gas fractions, and orbits to cover a
wider parameter space and thus better assess their survivability as
well as their collective effect on the Galactic disc. It may be of fur-
ther interest to consider prescriptions that allow the gas to cool well
below our temperature floor (T = 104 K, e.g. Tanner et al. 2016),
not considered here due to the very high resolution required.
In any case, the model introduced here – in particular of the
Galaxy – represents a significant step forward in the study of gas
processes within isolated systems at galactic scales, which is an im-
portant and necessary complement to large-scale, full cosmological
simulations of galaxy formation.
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APPENDIX A: DM-FREE CLOUDS
It has been argued (Nichols & Bland-Hawthorn 2009; Nichols et al.
2014; Galyardt & Shelton 2016) that the Smith Cloud, if not con-
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Figure A1. Accretion of a DM-free cloud by the Galaxy. The panels show the evolution of a pure gas cloud close to the disc, after having travelled ∼ 100 kpc
through the hot halo on an initially tangential orbit (with respect to the plane of the disc). Each panel shows an edge-on projection of the system, and contains
a series of contours corresponding to total gas column densities in the range 1020 cm−2 to 1021 cm−2 in steps of 0.2 dex. The contours corresponding to the gas
cloud indicate a total gas column densities, in logarithmic scale, of 20, 20.2 (and 20.4). For an animated version of this figures and additional material follow
this link.
MNRAS 000, 1–18 ()
A high speed transit of the Galactic disc 17
fined by DM, is necessarily on its first approach to the disc. To test
whether we recover this apparent robust result within our frame-
work, we have run a high-resolution model – denoted ‘RUN 4’ –
using initial conditions essentially identical to those of RUN 2, with
exception of the Smith Cloud progenitor, which in this case consists
of a massive (1.5×108 M) cloud without a supporting DM subhalo
around it (see Table 2).
In agreement with previous studies, we find that a pure gas
cloud does not survive an impact with the disc. Figure A1 displays
a time sequence of the composite system, starting at roughly 50
Myr before the impact, and ending at ∼ 150 Myr after the event.
Clearly, the gas cloud is not able to transit the disc, but is rather
accreted into it on a short timescale of a few 10 Myr. Perhaps more
interesting is the finding that a massive (& 108 M), baryonic gas
cloud is able to travel for over 100 kpc at speeds in excess of 100
km s−1 (with respect to the Galaxy’s centre) across a hot medium
all the way to the disc. This does not contradict earlier work (e.g.
Heitsch & Putman 2009), since clouds as massive as ours have not
been previously considered. It is worth emphasising that the cloud
travels on a prograde orbit with respect to the hot halo (and the
disc), which reduces the ram pressure and thus the hydrodynamic
interaction. Still, the cloud does not survive its journey intact. Des-
pite its initial high density and relatively high metallicity, cooling
is not enough to keep the cloud compact and – lacking the shield-
ing effect otherwise provide by DM confinement – it expands as
a result of the interaction with the halo gas, thus being subject to
stronger hydrodynamic forces.
While our DM-free model may tentatively support a first-
approach scenario to explain the Smith Cloud, we are inclined to
claim differently. The are at least two problems with this interpret-
ation. The first and most important relates to the metallicity meas-
urements along the Smith Cloud (Putman et al. 2003; Hill et al.
2009; Fox et al. 2016). We find that, unless the Smith Cloud has
been previously polluted with heavy elements to a relatively high
level, the metallicity observed along its main body and tail cannot
be explained by a cloud on its first approach to the disc. This mainly
a consequence of the lack of mixing with the ISM prior to the transit
(see also Section 5.3). Figure A2 shows a snapshot of the DM-free
cloud just before it reaches the disc (top), and metallicity meas-
urements along the cloud, adopting different values for its intrinsic
metallicity. For an adopted (conservative) value for the metallicity
of the ambient medium (i.e. hot halo) of 0.3 Z, the cloud’s metal-
licity required to explain the observations is high, Z & 0.5 Z. Halo
metallicities below 0.3 Z bring the model into better agreement
with the data close to the plane, but seem unrealistically low (Miller
et al. 2016). Virtually the same conclusions are reached by Henley
et al. (2017), which is noteworthy in view of the significant differ-
ences between their model and ours.
The second, albeit weaker, problem is related to the mass and
H i content of the Smith Cloud. The Smith Cloud has a maximum
H i column density of ∼ 5 × 1020 cm−2 (Lockman et al. 2008). Our
DM-free cloud, despite its mass of ∼ 2× 107 M just before reach-
ing the disc, has a maximum total gas density of ∼ 2 × 1020 cm−2.
Considering that its temperature is well above 104 K, we conclude
that its corresponding H i column density is significantly below
1020 cm−2. Thus, unless the Smith Cloud progenitor had a gas mass
well in excess of 108 M before being accreted by the Galaxy, it
seems implausible that it has fallen in devoid of DM. We caution
that this last conclusion relies heavily on a range microphysical
processes, most notably cooling and heating, which in our current
model are very crude or absent.
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Figure A2. Top: DM-free cloud during its first approach. The colour scale
indicates the value of the gas tracer (see Section 5.3); the contours on top of
the gas cloud correspond to total gas column densities, in logarithmic scale,
of 20, 20.2, and 20.4 (cm−2). Bottom: Gas metallicity along the cloud as
shown on top as a function of the angular distance to the disc plane. Each of
the model curves correspond to a different initial cloud metallicity as given
in the legend. The data points are identical to those included in Figure 9.
Clearly, because the cloud has not yet reached the disc, there has been no
mixing. In order for this scenario to explain the metallicity trend observed
along the Smith Cloud, the DM-free cloud must have an intrinsic high level
of heavy elements (cf. Figure 9).
APPENDIX B: SYSTEM STABILITY
We claim that our Galaxy model is dynamically stable. In this con-
text, ‘stability’ is regarded as the ability of the composite system
as well as each of the individual components to preserve (approx-
imately) its initial state. In this section we thus briefly consider the
system’s long-term evolution. Figure B1 shows the state of the sys-
tem after ∼ 2 Gyr. Even though it is not itself a proof, comparison
of this snapshot with the snapshots shown in Figures 4 and 5 sug-
gests that our model Galaxy appears to be globally stable on the
long run. A more rigorous comparison reveals that, although the
initial conditions are, by construction, in a strict dynamic equilib-
rium, they do evolve away from their initial state during the course
of our simulations into a slightly different, but equally dynamically
stable, state. This is true in particular for the gaseous components.
The main reason behind this behaviour is that, when mapped
onto the simulation grid, gas particles falling within the same cell
are merged using a CIC interpolation scheme (Section 4.2). As
a result, the ‘bulk’ momentum at each cell results from a mass-
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Figure B1. Gas surface density (left), gas temperature (middle) and stellar surface density (right) in RUN 2 at t ∼ 2 Gyr. At this point, the DM subhalo is
falling back onto the disc (cf. Figure 3). Note that the gas disc develops a very dense, warm (∼ T = 104 K) core, likely the result of numerical fragmentation.
The results are essentially the same in RUN 1 and RUN 2 (with exception of the subhalo’s evolution), and are therefore omitted. Supplement material showing
the evolution of the system over roughly 3 Gyr can be found following this link. We refer the reader also to the figure captions in the main text for links to
more specific material.
weighted average of a potentially large number of individual differ-
ent masses and velocities. The same is true for their internal energy,
which in turn sets the pressure (or, equivalently, the temperature).
The overall result is generally that the rotation speed of the gas
disc at radii where its density is comparable to (or below the) the
hot halo’s density is lower than required for the gas disc to be in
centrifugal equilibrium (cf. Figure 2). In consequence, the gas disc
shrinks during the initial stages, and re-expands later, in an oscil-
latory fashion until it reaches equilibrium. In doing so, it develops
weak sub-structure such as rings and spiral arms (as does the stel-
lar disc). A related effect is a slight loss of angular momentum of
the hot halo, although this is mostly a consequence of the infall of
zero angular momentum gas through the boundary. None of this is
truly a concern for our present work, as we are not interested in
the detailed structure of the disc and its evolution; but these issues
do need to be addressed in the future. The most problematic issue
for the targeted long-term stability is possibly the development of
a growing dense core at the centre of the gas disc. This, however,
can be avoided by imposing a density dependent temperature floor,
as discussed above.
The (perhaps obvious) alternative approach of letting the sys-
tem evolve towards its true stationary state before dropping the
cloud is left for future work. Since the relevant properties of the
gas disc, most notably its mean radial surface density, do not sig-
nificantly change during its evolution, our current approach should
be valid.
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